Abstract Objectives: To determine the incidence and outcomes of intensive care unit-acquired neuromyopathy and to investigate the role of methylprednisolone in survivors of persistent acute lung injury. Design: Secondary analysis of completed randomized placebo-controlled trial. Setting: Twenty-five hospitals in the NHLBI ARDS Network. Patients and participants: Patients enrolled in the ARDS Network study of methylprednisolone versus placebo for persistent ARDS who survived 60 days or to hospital discharge. Measurements and results: One hundred and twenty-eight study patients survived 60 days. Forty-three (34%) of these patients had evidence by chart review of ICU-acquired neuromyopathy, which was associated with prolonged mechanical ventilation, return to mechanical ventilation, and delayed return to home after critical illness. Treatment with methylprednisolone was not significantly associated with an increase in risk of neuromyopathy (OR 1.5; 95% CI 0.7-3.2). Conclusions: ICU-acquired-neuromyopathy is common among survivors of persistent ARDS and is associated with poorer clinical outcomes. We did not find a significant association between methylprednisolone treatment and neuromyopathy. Limitations of this study preclude definitive conclusions about the causal relationship between corticosteroids and ICU-acquired neuromuscular dysfunction.
Introduction
Impaired neuromuscular function is a common and important problem for critically ill patients. Muscle weakness has been reported in 25-33% of general intensive care unit (ICU) patients receiving 7 or more days of mechanical ventilation [1, 2] . Electrophysiologic testing reveals neuromuscular dysfunction in 47-60% of ICU patients, with higher incidence in severe sepsis and acute respiratory distress syndrome (ARDS) [3] [4] [5] . Longitudinal follow-up studies of ARDS survivors show weakness, muscle atrophy, fatigue [6] and associated impairments in health-related quality of life [6] [7] [8] [9] that persist for months to years after recovery from critical illness. ARDS appears to be an independent risk factor for poor physical function in survivors, compared with matched survivors of critical illness [10] .
Many questions about ICU-acquired neuromuscular dysfunction remain unanswered, particularly in patients with ARDS. Specifically, previous studies of the association between corticosteroids and ICU-acquired neuromuscular dysfunction have been observational and yielded disparate results [1, 2, 5, [11] [12] [13] [14] [15] [16] [17] , despite evidence of direct myotoxicity in animal studies [18] [19] [20] [21] . The clinical importance of corticosteroids in the development and outcomes of ICU-acquired neuromuscular dysfunction remains unclear.
The National Heart Lung and Blood Institute's ARDS Network recently completed a randomized, placebo-controlled trial of moderate-dose methylprednisolone for the treatment of persistent ARDS [22] that included a chart review for evidence of ICU-acquired neuromuscular dysfunction. This study presented conflicting results about the relationship between methylprednisolone and neuromyopathy: serious adverse events of weakness, myopathy and neuropathy were strongly associated with methylprednisolone, but overall there were similar numbers of neuromyopathy cases in the methylprednisolone and placebo groups [22] . We analyzed data from that trial to determine the incidence and outcomes of neuromyopathy, and to investigate the role of methylprednisolone. Preliminary results from this study were presented at the American Thoracic Society meeting in San Diego, May 2006 [23] .
Materials and methods

Study design
This study is a secondary analysis of the ARDS Networkrandomized controlled trial of methylprednisolone versus placebo for persistent ARDS. Study methods and results have been previously described [22] .
Definition of neuromyopathy
All subjects were monitored for evidence of neuromuscular dysfunction during the parent study via chart review in two phases: retrospectively (added after 89 patients had been enrolled), and prospectively for the remaining subjects. Neuromyopathy was defined by the presence of the terms ''myopathy,'' ''neuropathy,'' ''myositis,'' ''paralysis'' or ''unexplained muscle weakness'' anywhere in the medical record after ICU admission. Charts of patients with evidence of neuromyopathy were abstracted for severity [24] , duration of abnormality and confirmatory tests (including specialist consultation, electrophysiologic testing and muscle biopsy). Prospective chart review was added to the protocol for the remainder of the study, using the same terms to define neuromyopathy. Limited data were abstracted if patients met neuromyopathy criteria. Patients' charts were monitored for these conditions for at least 60 days or until hospital discharge.
We investigated a more specific definition of neuromyopathy, ''early neuromyopathy,'' that was limited to detection of neuromuscular dysfunction (using the same terms in chart abstraction) in the first 28 days of the study. This definition was chosen to select subjects who were recognized with weakness during or soon after the time of administration of study drug (methylprednisolone or placebo).
Eligibility
Eligibility for the current study required survival after study enrollment to 60 days or to hospital discharge. This criterion minimizes selective misclassification of the sickest subjects with unrecognized neuromuscular dysfunction as noncases. To be included in methylprednisolone analyses, subjects could not have evidence of ICU-acquired neuromyopathy before study entry.
Data collection and analysis
All data for the present investigation were collected in the parent study. Details of electrophysiologic testing and severity were only collected during the retrospective chart review. We used Student's t test, Chi-square and Fisher's exact test, and Wilcoxon rank sum testing for bivariate analyses of parametric, binomial, and nonparametric data, respectively. We used logistic regression to study the association of methylprednisolone with neuromyopathy. We tested exposure to methylprednisolone by randomization group (intention to treat). Exploratory analyses included logistic regression to study the association of methylprednisolone with early neuromyopathy and with clinical diagnosis of myopathy. We performed additional analyses limited to the retrospective neuromyopathy cases to explore characteristics of those identified as serious adverse events.
Results
Incidence and outcomes
There were 128 survivors to 60 days or hospital discharge, 65 randomized to the placebo group and 63 to methylprednisolone. All had charts reviewed for evidence of neuromyopathy. There was evidence of neuromyopathy in 43 of these patients (34%). There were no significant demographic differences between patients with and without neuromyopathy (Table 1) . Baseline physiology was also similar, except for a trend toward poorer oxygenation and significantly higher serum glucose in patients with neuromyopathy.
Neuromyopathy was associated with prolonged mechanical ventilation ( Table 2 ). Return to mechanical ventilation was more common among patients with neuromyopathy. Patients with neuromyopathy took a much longer time to return to home. Follow-up of neuromuscular dysfunction was not systematically performed.
Methylprednisolone and neuromyopathy
To investigate the association of randomization to methylprednisolone and development of neuromyopathy, we excluded the six patients with documented evidence of ICU-acquired neuromyopathy at study entry. Five of these six were randomized to the methylprednisolone group. There was no statistically significant association between randomization to methylprednisolone and neuromyopathy, with an odds ratio of 1.5 (95% CI 0.7-3.2) for methylprednisolone. Patients in the methylprednisolone group were more likely than placebo patients to have documented neuromyopathy in the first 28 days of the study, with an odds ratio of 4.8 (95% CI 1.5-15.5), and were more likely to be described with ''myopathy,'' with an odds ratio of 4.5 (95% CI 1.1-17.9).
Clinical features and timing of neuromyopathy
Of the 26 cases of neuromyopathy detected by retrospective review, 11 had electrophysiologic testing performed. Testing consisted of sensory and motor nerve conduction, concentric needle electromyography and repetitive nerve stimulation studies assessing at least one upper and one lower extremity. Three patients had evidence of localized neuropathies. Nine of the 11 patients studied had evidence of critical illness myopathy, with findings of decreased compound motor action potential amplitudes in the presence of normal sensory nerve action potentials, as well as positive sharp waves and fibrillation potentials. Eight of the patients who underwent electrophysiologic testing were in the methylprednisolone group.
Timing of documentation of neuromyopathy was variable. Six patients had chart review evidence of weakness or neuropathy acquired after ICU admission but before study entry. Twenty-six patients had a documented onset day of neuromyopathy, with median onset study day 14 (interquartile range study days [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
There were eight serious adverse events (SAEs) of neuromyopathy among survivors. Compared with neuromyopathy cases that were not recognized as SAEs, these events were more likely to be described as myopathy (100 vs. 29%, P B 0.001) and identified within the first 28 days of the study (88 vs. 49%, P = 0.05). Among the 27 neuromyopathy cases detected by retrospective chart review, the six cases submitted as SAEs were more likely to be graded as severe [67 vs. 7%, P = 0.003 (severity data missing in six non-SAEs)], evaluated with electrophysiologic testing (100 vs. 25%, P B 0.001), and consistent with critical illness myopathy (100 vs. 60%, P = 0.08). 
Discussion
This study has two main contributions. First, we are adding to the growing body of evidence that ICU-acquired neuromuscular dysfunction is a common and important issue for critically ill patients [19, 25] . With 128 survivors of ARDS, this is the largest report of ICU-acquired neuromuscular dysfunction in patients with acute lung injury. We found that neuromyopathy was identified in more that one-third of survivors, and was associated with poorer clinical outcomes including return to mechanical ventilation, delays in liberation from mechanical ventilation and in return to home. Second, this is the first analysis of ICU-acquired neuromuscular dysfunction in a randomized controlled trial of corticosteroids. We found that randomization to moderate doses of methylprednisolone was not significantly associated with an increased incidence of ICU-acquired neuromyopathy.
Incidence and outcomes of neuromyopathy in ARDS
We found neuromyopathy in 34% of survivors of persistent ARDS-a group with many risk factors for ICU-acquired neuromuscular dysfunction. This incidence is similar to several previous studies of critically ill patients in which neuromyopathy was defined by clinically recognizable weakness [1, 26] , but considerably less than the incidence of 60% described in patients with ARDS [5] . We suspect that our finding is an underestimate of the true incidence of ICU-acquired neuromuscular dysfunction in ARDS, since we included only survivors, did not systematically evaluate patients and did not include electrophysiologic assessment of nerve and muscle function [4, 25, 26] .
In agreement with previous studies, we found that total duration of assisted breathing is greater for patients with neuromyopathy [1, 19, [27] [28] [29] [30] . We also found that neuromyopathy was associated with an increased return to assisted breathing, as previously shown in a cohort of patients with sepsis [27] . Weakness is often not recognized before patients return to assisted breathing [31] ; perhaps improving strength assessment would enable clinicians to anticipate and potentially prevent recurrent respiratory failure in this high-risk population.
Previous studies have demonstrated associations of ICU-acquired neuromuscular dysfunction with hospital length of stay [19] ; it appears to be associated with destination as well as timing of hospital discharge. A recent study of 136 mechanically ventilated medical ICU patients reported that 83% of patients with ICU-acquired weakness were discharged from the hospital to locations other than home, compared with 52% of patients who were not weak [30] . We found that return to home was delayed for neuromyopathy patients due to prolonged stays in acute and subacute care, likely representing continued care needs and functional impairment beyond hospital discharge.
Corticosteroids and neuromyopathy
Why did we not find an association between corticosteroids and neuromyopathy? It is possible that corticosteroids truly increase the incidence or severity of ICU-acquired weakness but that this effect was not detected in the present investigation. It may be that the effect is true but small; with only 122 survivors in this analysis, we were underpowered to detect an absolute difference less than 35%. Alternatively, it may be that our ability to identify the effect of corticosteroids was limited by a case definition that was both insensitive (patients may have had unrecognized pathology) and imprecise (combining all types of ICU-acquired neuromuscular dysfunction, including neuropathies, rather than focusing on myopathy).
Serious adverse events of neuromyopathy were increased by corticosteroids, but overall cases were not [22] . Neuromyopathy serious adverse events were all described as myopathy, were recognized early and were graded of higher severity than neuromyopathy cases that were not recognized as serious adverse events-features associated with corticosteroids in our analyses. It is possible that corticosteroids lead to myopathy that contributes to prolonged hospitalization and disability (criteria of serious adverse events), but not necessarily to a sizeable increase in all causes of ICU-acquired neuromuscular dysfunction. Additionally, as we have previously postulated, corticosteroids may both diminish risk of ICUacquired neuromuscular dysfunction in some patients by decreasing the duration of shock and mechanical ventilation and increase risk of myopathy [22] .
It is possible that we did not detect an association between neuromyopathy and corticosteroids because there was no effect in this study. Perhaps, higher doses of corticosteroids are needed to significantly influence neuromyopathy, such as the case in animal models of critical illness myopathy [32] . It may even be the case that corticosteroids are not causal in the development of critical illness myopathy in particular or ICU-acquired weakness in general. In fact, a recent study has suggested that in the setting of intensive insulin therapy, corticosteroids may be protective of neuromyopathy [33] .
Limitations
The most significant limitation to this study is the use of chart review to diagnose neuromyopathy. Assessment of neuromyopathy was most problematic in subjects who died before weakness might have been detected; we addressed this by excluding nonsurvivors, but recognize that our incidence is likely an underestimate. Our population is not generalizable to all patients with acute lung injury or critical illness, and may not generalize to current practices of critical care. We did not perform systematic follow-up; so, this study does not contribute to understanding recovery from neuromyopathy or its relationship with long-term outcomes. Despite these limitations, we believe that this study is an important contribution to the epidemiology of neuromyopathy and its relationship to corticosteroids in critically ill patients, specifically, those with acute lung injury.
Conclusions
Neuromyopathy is common in patients with ARDS and is associated with poorer clinical outcomes. While we did not find a significant association between randomization to corticosteroids and increased risk of neuromyopathy, the relationship between corticosteroid treatment, ICUacquired neuromuscular dysfunction and short-and longterm outcomes after ARDS remains unclear and further research is needed.
